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Abstract
In light of recent advances in technology, there has been growing interest in virtual reality (VR) simulations for training 
purposes in a range of high-performance environments, from sport to nuclear decommissioning. For a VR simulation to elicit 
effective transfer of training to the real-world, it must provide a sufficient level of validity, that is, it must be representative 
of the real-world skill. In order to develop the most effective simulations, assessments of validity should be carried out prior 
to implementing simulations in training. The aim of this work was to test elements of the physical fidelity, psychological 
fidelity and construct validity of a VR golf putting simulation. Self-report measures of task load and presence in the simula-
tion were taken following real and simulated golf putting to assess psychological and physical fidelity. The performance of 
novice and expert golfers in the simulation was also compared as an initial test of construct validity. Participants reported 
a high degree of presence in the simulation, and there was little difference between real and virtual putting in terms of task 
demands. Experts performed significantly better in the simulation than novices (p = .001, d = 1.23), and there was a significant 
relationship between performance on the real and virtual tasks (r = .46, p = .004). The results indicated that the simulation 
exhibited an acceptable degree of construct validity and psychological fidelity. However, some differences between the real 
and virtual tasks emerged, suggesting further validation work is required.
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1 Introduction
The use of immersive training is a growing area of interest 
in many sectors. Virtual reality (VR) training has already 
been applied to sporting skills (Gray 2019; Neumann et al. 
2018), as well as surgery (Gurusamy et al. 2008) and reha-
bilitation (Adamovich et al. 2009). This often involves the 
generation of an immersive computer-simulation which the 
user can interact with and manipulate (Burdea and Coif-
fet 2003; Wann and Mon-Williams 1996). Consumer grade 
 * David J. Harris 
 D.J.Harris@exeter.ac.uk
 Gavin Buckingham 
 G.Buckingham@exeter.ac.uk
 Mark R. Wilson 
 Mark.Wilson@exeter.ac.uk
 Jack Brookes 
 ed11jb@leeds.ac.uk
 Faisal Mushtaq 
 F.Mushtaq@leeds.ac.uk
 Mark Mon-Williams 
 M.Mon-Williams@leeds.ac.uk
 Samuel J. Vine 
 S.J.Vine@exeter.ac.uk
1 School of Sport and Health Sciences, University of Exeter, 
St Luke’s Campus, Exeter EX1 2LU, UK
2 School of Psychology, University of Leeds, Leeds LS2 9JZ, 
UK
3 Centre for Immersive Technologies, University of Leeds, 
Leeds LS2 9JZ, UK
4 Bradford Teaching Hospitals NHS Foundation Trust, 
Bradford, West Yorkshire, UK
5 National Centre for Optics, Vision and Eye Care, University 




VR equipment that delivers such interactive and immersive 
environments is becoming increasingly affordable and port-
able, thus providing new possibilities for training. For these 
training approaches to enable effective transfer to real-world 
performance, simulations must be representative of the real 
skills that they intend to train and accurately represent real 
performance (Bright et al. 2012; Gray 2019). Therefore, 
more rigorous testing of the validity and fidelity of environ-
ments is required before they can be widely adopted in sports 
training (Harris et al. 2020). Here, we explore an evidence-
based approach to simulation validation by testing the fidel-
ity and validity of a golf putting simulator.
In the sporting domain, the existing (but sparse) research 
has largely supported the effectiveness of VR training for 
visuomotor skills such as baseball batting, darts and table 
tennis (Gray 2017; Lammfromm and Gopher 2011; Tirp 
et  al. 2015; Todorov et  al. 1997). However, it remains 
unclear which facets of a simulation determine training 
effectiveness. Fidelity and validity refer to particular quali-
ties of the simulation that contribute to training success 
(Gray 2019). Fidelity refers to how well a simulation recon-
structs the real-world environment, both in terms of appear-
ance but also the emotional states, cognitions and behaviours 
it elicits from its users. Meanwhile, validity broadly relates 
to accurate measurement or reproduction of real task perfor-
mance. This is not to say the simulation is the same, but that 
it captures key features of the task (Stoffregen et al. 2003). 
While a high degree of physical fidelity1 (how a simulation 
looks, feels and sounds) is useful for immersing the user and 
achieving engagement (Ijsselsteijn et al. 2004), skills can 
still be learned in environments with low physical fidelity. 
For instance, positive real-world transfer has been observed 
for juggling and table tennis with low fidelity 2D environ-
ments (Lammfromm and Gopher 2011; Todorov et al. 1997). 
Gray (2019) suggests that, with regards to training, psycho-
logical fidelity (the extent to which the environment repli-
cates the perceptual-cognitive demands of the real task) is 
more important than physical fidelity. High psychological 
fidelity means athletes are more likely to utilise similar per-
ceptual information to control their actions, display similar 
gaze behaviour, and experience a similar level of cognitive 
demand to the real-world task. These additional elements are 
likely to facilitate transfer (Gray 2019; Harris et al. 2020). 
Therefore, in order to develop more effective simulations, 
more attention must be paid to testing a range of validity 
metrics.
First, a valid simulation, which is likely to produce posi-
tive real-world transfer, should have good physical fidelity 
to provide an immersive experience and elicit user engage-
ment (Bowman and McMahan 2007; Ijsselsteijn et al. 2004). 
Second, it should display construct validity, that is, it should 
provide a good representation of the task it intends to train, 
and accurately reflect performance. For instance, for a simu-
lation to be a valid representation of a sporting skill, indi-
viduals with real-world expertise should also be experts in 
the simulation. This kind of expert versus novice discrimina-
tion has been widely used for validating surgical simulations 
(Bright et al. 2012; Sweet et al. 2004), as it indicates whether 
the simulation has captured some important features of task 
performance. Finally, the perceptual-cognitive demands of 
the task should also resemble the real task (i.e. psychological 
fidelity). Ideally, measures such as gaze behaviour and men-
tal effort should be employed to compare the psychological 
demands of the virtual and real tasks. Additional types of 
fidelity that could contribute to successful design include 
ergonomic/biomechanical and affective/emotional fidelity 
(see summary of types of fidelity in Table 1).
Consequently, we aimed to assess the validity of a golf 
putting simulation in a variety of ways. Following the 
Table 1  Types of fidelity and validity
Type Description How to test
Physical fidelity (or face validity) Is there a high degree of detail and realism pro-
vided by the physical elements of the simulation?
User reports of realism and experiences of immer-
sion
Construct validity Does the simulation provide an accurate represen-
tation of real task performance?
Ability of the simulation to distinguish real-world 
experts form novices
Emotional/affective fidelity Does the simulation elicit emotional responses, 
such as fear or enjoyment, which are similar to 
the real task?
Self-reported experiences of users, or online 
monitoring of psychophysiology
Ergonomic and biomechanical fidelity Does the simulation demand/allow realistic motor 
movements?
Comparison of movement amplitude and speed or 
joint coordination between real and simulated 
task
Psychological fidelity Does the simulation replicate the perceptual-cogni-
tive demands of the real task?
Measurement of mental effort, gaze behaviour or 
neural activity
1 The term face validity is sometimes used to refer to the physical 
accuracy of a simulation, particularly in the surgical training litera-
ture (e.g. Bright et al. 2012).
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recommendations of recent framework for the testing and 
validation of simulated environments (Harris et al. 2020) we 
aimed to assess a number of elements of fidelity and validity 
of the VR environment. Firstly, participants were asked to 
report feelings of presence2 to ensure that the simulation was 
of sufficiently high physical fidelity to immerse the user in 
the task (Slater 2003). Secondly, as in medical simulation 
validation we assessed construct validity by comparing the 
performance of novices and experts in the simulation (Bright 
et al. 2012; Sweet et al. 2004). If real-world expertise corre-
sponds to expertise in the simulation, it would provide initial 
evidence that the simulation is a good representation of the 
real task. It was expected that expert golfers would exhibit 
significantly better performance in both real and simulated 
putting, and that there would be a correspondence between 
real-world and VR performance. Thirdly, to address aspects 
of psychological fidelity, that is the perceptual and cognitive 
demands of the simulation, we explored whether the cogni-
tive demands of the simulation were similar to the real-world 
using a self-report measure of task load (the SIM-TLX; Har-
ris et al. 2019b). Additionally, we compared perceived dis-
tance to the hole between real and VR tasks. Concerns have 
been raised that stereoscopic viewing in head-mounted dis-
plays can influence the performance of visuomotor skills due 
to the conflict between cues to depth (Bingham et al. 2001; 
Harris et al. 2019a). Additionally, some early three degrees 
of freedom VR systems induced a perception of ‘flatness’ 
(Willemsen et al. 2008). As processing of distance and depth 
information is important for performing an aiming skill such 
as golf putting, we assessed whether distance was perceived 
to be similar between the real and VR tasks.
2  Methods
2.1  Participants
Thirty-six participants took part in the study; 18 expert ama-
teur golfers (11 male, mean age = 29.2 years, SD = 13.7) 
and 18 novice golfers (10 male, mean age = 21.9 years, 
SD = 1.8). Expert golfers were recruited from three com-
petitive golf teams (University of Exeter Golf Club, Exeter 
Golf and Country Club, and Devon Golf men’s first team). 
All expert golfers were of a high level and held active cat-
egory one handicaps (≤ 5.0), with an average handicap of 
1.7 (SD = 2.5). Novice golfers were recruited from under-
graduate sport science students at the University of Exeter 
(mean age = 21.94 years, SD = 1.83). ‘Novice golfers’ were 
defined as individuals with no official golf handicaps or prior 
formal golf putting experience (as in Moore et al. 2012). 
Participants were provided with details of the study before 
attending testing, and gave written consent before testing 
began. Ethical approval was obtained from the University 
Ethics Committee prior to data collection.
2.2  Task and materials
2.2.1  VR golf task
The VR golf task (see Fig. 1) was developed using the 
gaming engine Unity 2018.2.10.f1 and the Unity Experi-
ment Framework (Brookes et al. 2019). The simulation 
was presented using an HTC Vive HMD (HTC Inc., Taoy-
uan City, Taiwan), and a 3xs laptop (Scan Computers, Bol-
ton, UK) with an i7 processer and GeForce GTX 1080 
Fig. 1  The VR putting task 
(left) and real-world putting 
task (right)
2 Presence refers to the psychological response of feeling ‘in the sim-
ulation’. Presence is linked to immersion, which is the objective level 
of sensory fidelity provided by the VR system (Slater 2003), but the 
terms are sometimes used interchangeably.
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graphics card (NVIDIA Inc., Santa Clara, CA). A Vive 
tracker sensor was attached to the head of a real putter to 
allow tracking and create the VR putter. Auditory feedback 
(which sounded like a club striking a ball) was provided 
on contact with the ball, but no additional haptic feedback 
was provided. The ball was matched in size and weight to 
a real golf ball. Participants putted from 10 ft (3.05 m) to 
a target the same size and shape (diameter 10.80 cm) as 
a standard golf hole. The game incorporated background 
audio (wind in the trees and bird noises) to simulate the 
real-world and enhance immersion.
2.2.2  Real‑world golf task
Real-world putts were taken from 10ft (3.05 m) to a tar-
get the size of a regulation hole (diameter 10.80 cm) on an 
indoor artificial putting green. As in the simulation, the hole 
was covered so it remained visible but the ball would not 
drop in. Participants used a standard putter (Cleveland Clas-
sic Collection HB 1 putter), and regulation size (4.27 cm 
diameter) white golf balls.
2.3  Measures
2.3.1  Presence questionnaire
Expert participants were asked to rate their sense of pres-
ence—the feeling that they were really in the virtual 
world—using questions from the Presence Questionnaire 
(Slater et al. 1995). These questions relate to the experi-
ence of being in the virtual environment, such as ‘To what 
extent were there times during the experience when the vir-
tual environment was the reality for you?’ There are three 
questions in total and responses are given on a seven-point 
Likert scale.
2.3.2  Putting performance
Putting performance in both the real-world and VR was 
operationalized as radial error of the ball from the hole (i.e. 
the two-dimensional Euclidean distance between the top of 
the ball and the edge of the hole; in cm), as in Walters-
Symons et al. (2018). In the real-world condition the dis-
tance was measured with a tape measure following each 
attempt and was recorded automatically by the simulation 
in the VR condition. If the ball landed on top of the hole, a 
score of zero was recorded. On real-world trials where the 
ball hit the boundary of the putting green (90 cm behind the 
hole), the largest possible error was recorded (90 cm) (as in 
Moore et al. 2012).
2.3.3  Perceived distance
Following both VR and real-world baseline putts partici-
pants were asked to make a verbal estimate, in feet, of the 
distance between the hole and the putting location. The esti-
mate was recorded by the experimenter.
2.3.4  Simulation task load index (SIM‑TLX)
The SIM-TLX (Harris et al. 2019a) assesses workload dur-
ing simulated tasks using a two-part evaluation. Following 
task completion participants rated the level of demand they 
had experienced on nine bipolar scales, reflecting different 
workload dimensions: mental demands; physical demands; 
temporal demands; frustration; task complexity; situational 
stress; distractions; perceptual strain; and task control. Rat-
ings were made on a visual analogue scale anchored between 
‘very low’ and ‘very high’ (see supplementary materials). 
Participants also rated the relative importance of each work-
load dimension for the task, by making a series of 45 pair-
wise comparisons between dimensions. A workload score 
for each dimension is calculated based on the product of 
the visual analogue scores and the weighting dimension. An 
overall workload score is obtained from the sum of all nine 
dimensions (cf. the NASA-TLX; Hart and Staveland 1988).
2.4  Procedure
Participants attended the lab on one occasion for approxi-
mately 20 min. Participants were given just 3 familiarisation 
putts on each of the real and VR tasks to avoid any learn-
ing effects. They then completed 10 real-world putts and 10 
putts in VR, which was done in a counterbalanced order to 
account for order effects. Participants were instructed to land 
the ball as close to the ‘hole’ as possible. After each of the 
baseline assessments, participants were asked to estimate 
the distance to the hole. Following the VR putts, experts 
also answered the Presence Questionnaire and completed 
the SIM-TLX.
2.5  Statistical analysis
Statistical analysis was performed in JASP (v0.9.2; JASP 
team 2018). Data were checked for homogeneity of variance 
(Levene’s test), and skewness and kurtosis. Performance 
data exceeding 3 standard deviations from the mean were 
excluded (three data points for VR putting and zero data 
points for real-world putting). A 2 (Group: Expert vs Nov-
ice) × 2 (Task: real-world vs VR) mixed ANOVA was used 
to compare both putting accuracy and distance estimation for 
novice and expert groups between VR and real-world tasks. 
A MANOVA was run on overall TLX questionnaire scores, 
with follow-up t-tests to examine individual scales. Cohen’s 
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d effect sizes were calculated for all t-tests, and partial eta 
squared for all F-tests. All data are available through the 
Open Science Framework (https ://osf.io/dchgz /).
3  Results
3.1  Presence
Overall scores on the Presence Questionnaire (completed 
by expert golfers only) could potentially range from 0 to 21 
(21 indicating the highest level of presence). The mean score 
during VR putting was 12.7 (SD = 4.5), above the mid-way 
point of the scale, indicating a good level of presence in 
the VR environment. The distribution plot below (Fig. 2) 
shows, however, that there was a high degree of variation 
across participants.
3.2  Putting performance
To compare group differences in real-world and VR task 
performance a 2 (task) x 2 (group) ANOVA was run on 
radial error scores. A main effect of task indicated that 
radial error scores were significantly higher in the VR task, 
F(1,34) = 25.29, p < .001, ηp2 = .43. There was also a main 
effect of group, with experts displaying lower radial errors, 
F(1,34) = 33.06, p < .001, ηp2 = .49. There was no interac-
tion effect, F(1,34) = 0.25, p = .62, ηp2 = .01. As expected, 
Bonferroni-Holm corrected t-tests showed that, compared 
to novice golfers (M = 51.6 cm, SD = 50.9), expert golf-
ers (M = 25.5 cm, SD = 23.4) displayed significantly lower 
radial errors when putting in the real-world, t(34) = 6.84, 
p < .001, d = 2.28. Similarly, compared to novice golfers 
(M = 74.2 cm, SD = 29.3), expert golfers (M = 44.1 cm, 
SD = 18.5) displayed significantly lower radial errors when 
putting in VR, t(34) = 3.68, p = .001, d = 1.23 (Fig. 3). Over-
all there was a significant positive relationship between per-
formance on the real and virtual tasks, r(35) = .46, p = .004.
3.3  Perceived putting distance
A 2 (group) x 2 (task) mixed ANOVA showed that there was 
no difference in perceived putting distance between real-
world and VR tasks, F(1,34) = 0.07, p = .79, ηp2 = .002. There 
was, however, a significant effect of group, F(1,34) = 16.97, 
p < .001, ηp2 = .330, with novices estimating the hole to be 
closer than their more experienced golfing counterparts 
(see Fig. 4). There was no interaction effect, F(1,34) = 0.18, 
p = .67, ηp2 = .005.












Fig. 2  Distribution plot of self-reported presence during the VR sim-
ulation
Fig. 3  Radial error scores for novice and expert golfers in a real-world and b VR conditions. Individual data points are shown overlaid on group-
mean scores, with error bars indicating standard error of the mean. c The positive correlation between real and virtual performance
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3.4  Task load
A one-way multivariate ANOVA was run to test whether 
there was an overall difference in task load (as measured by 
the SIM-TLX) between real and virtual putting. There was 
an overall effect of group, F(1,34) = 2.75, p = .02, Pillai’s 
trace = 0.49. Follow-up t-tests, with Bonferroni-Holm cor-
rection, revealed that the only dimension of task load that 
significantly differed between VR and real-world conditions 
was perceptual strain (p = .02), which was higher in VR. All 
other comparisons were non-significant (p’s > .24). Figure 5 
suggests that situational stress and time demands were also 
somewhat higher in the VR condition.
4  Discussion
Despite previous work extolling the benefits of training 
sporting skills in VR (Gray 2017; Lammfromm and Gopher 
2011; Tirp et al. 2015), methods for testing the validity of 
environments prior to their use are not well established (Har-
ris et al. 2020). For the field of VR training to progress, 
rigorous approaches to simulation validation are required 
(e.g. Bright et al. 2012; Sweet et al. 2004; Tirp et al. 2015). 
Consequently, we aimed to apply an evidence-based method 
in testing the validity and fidelity of a golf putting simulator.
Overall, evaluation of the simulation indicated a fairly 
good correspondence between the real and virtual tasks. 
Firstly, expert users reported a moderate to high level of 
presence in the environment, relative to previous use of this 
scale (Usoh et al. 2000), suggesting that the physical fidel-
ity was sufficient to immerse users in the task. Presence is 
unlikely to be a major determinant of training efficacy but 
is an important first step for user engagement (Bowman and 
McMahan 2007; Ijsselsteijn et al. 2004).
Secondly, the construct validity of the simulation was 
supported, as expert golfers outperformed novices in both 
the real and virtual tasks, displaying significantly lower 
radial errors. We also found an overall positive correlation 
between real and virtual performance. The radial errors of 
both groups were, however, larger in VR, as was the vari-
ance in performance (see Fig. 3). Additionally, the corre-
lation between real and VR performance was only moder-
ate (r = .46). This highlights that, although the simulation 
showed a certain level of construct validity, there remain 
important differences between the two tasks. An additional 
finding, which further supports the construct validity of the 
simulation, was that expert golfers were more accurate at 
estimating putting distance in both tasks. It has previously 
been demonstrated that golfers are more accurate at esti-
mating egocentric distance (Durgin and Li 2011) and Fig. 4 
illustrates that while the expert group were accurate across 
both conditions, admittedly with some variability, novices 
consistently underestimated distance. Underestimation of 
distance has previously been reported as a general effect in 
Fig. 4  Estimated putting 
distances for novice and expert 
golfers in a real-world and b 
VR conditions. Individual data 
are provided as ‘dots’ and error 
bars show standard error of the 
mean. The dashed horizontal 
line indicates veridical putting 
distance
Fig. 5  Grouped plot of the nine subscales of task load for real-world 
and VR tasks. Error bars indicate SEM
Virtual Reality 
1 3
head-mounted VR, although this effect does seem attenuated 
in newer systems (Interrante et al. 2006). A similar degree 
of underestimation by novices was seen in both real and VR 
tasks in the present work.
With regard to assessing psychological fidelity, there was 
no difference in perceived putting distance between the two 
tasks. As distance estimation plays an important role in the 
golf putt, and perceptual information can be distorted in VR 
(Willemsen et al. 2008), this is an encouraging result. One 
possibility to consider, however, is that participants could 
have assumed that distances were similar and aligned their 
second estimate with their first. Additionally, self-report 
scales were used to assess whether the demands of the VR 
task differed from the real task. After accounting for mul-
tiple comparisons, only the degree of perceptual strain was 
significantly different between the tasks. Perceptual difficul-
ties in HMDs are not uncommon; users can experience dis-
comfort as a result of rendering lag or multisensory conflict 
during locomotion, which may preclude their use by some 
individuals (Cobb et al. 1999). Overall, these assessments 
largely supported the psychological fidelity of the VR task.
5  Conclusions
In this study, we aimed to adopt an evidence-based approach 
to testing the validity of a VR simulation of a sporting skill. 
Assessment of construct validity clearly indicated that the 
putting simulation was sufficiently representative of the real 
task to distinguish novice from expert performers. Addition-
ally, the simulation created a good degree of presence in 
the virtual environment. Assessments of task load indicated 
some differences from the real task, but overall the simula-
tion was a fair representation of real putting. Nevertheless, 
this does not mean that the simulation is fully validated, 
and further work is still required, such as assessing biome-
chanical fidelity through comparisons of body and putter 
movement to determine whether the simulation elicits real-
istic putting mechanics. Future work may seek to investigate 
additional sources of fidelity, such as affective and biome-
chanical fidelity (e.g. Bideau et al. 2003, 2004) and their 
relationship with transfer of learning. Additionally, greater 
fidelity in terms of self-visualization may contribute to more 
embodiment and presence in the simulation and could influ-
ence the acquisition of sporting skills (Slater et al. 2009).
In general, caution is still required in the use of VR for 
training sporting skills. The close coupling of sensory inputs 
with motor responses (needed for sporting expertise) may 
be challenging to accurately simulate with current VR tech-
nologies, which often provide limited haptic feedback and 
unusual cues to depth (see Harris et al. 2019a for a review). 
However, studies such as this one serve to illustrate that VR 
simulations may be sufficiently representative—for some 
skills and for some purposes—to allow the study and/or 
training of sporting skills.
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